Wall mannoproteins of the two (yeast and mycelial) cellular forms of Candida albicans were solubilized by different agents. Boiling in 2% (w/v) SDS was the best method, as more than 70% of the total mannoprotein was extracted. Over 40 different bands (from 15 to 80 kDal) were detected on SDS-polyacrylamide gel electrophoresis of this material. The residual wall mannoproteins were released after enzymic (Zymolyase and endogenous wall P-glucanases) degradation of wall glucan, suggesting that they are covalently linked to this structural polymer. Four bands (of 160 kDal, 205 kDal and higher molecular mass) were observed in the material released from yeast walls but only the two smaller components were detected in the material obtained from mycelial walls. Moreover, the mannoproteins of high molecular mass, which are covalently linked in walls of normal cells, were not incorporated into walls of regenerating protoplasts, but non-covalently linked mannoproteins were retained from the beginning of the process.
INTRODUCTION
Candida albicans is a dimorphic pathogen that grows as a yeast (blastospores) or filamentous fungus depending on the environmental conditions. In infected tissues, both forms are invariably found, but the organism is isolated as blastospores when growing as a saprophyte.
The cell walls of both forms are composed of three main types of polymers: @-glucan, chitin and mannoproteins. The glucan seems to be a branched polymer with P( 1+6)-and P(1+3)-linked glucose residues and it has been suggested that it is linked to chitin (Yu et al., 1967) . The wall of the mycelial form has a similar structure to that of the yeast form, but is approximately half as thick. Although the glucan, mannan and chitin components of the mycelial form appear to be chemically similar to those of blastospores, the proportions of chitin and protein vary between the two morphological forms (Chattaway et al., 1968) . Recently, Chaffin & Stocco (1983) solubilized walls of C. albicans and detected 42 protein bands by polyacrylamide gel electrophoresis. However they could not find qualitative differences in the bands obtained from blastospores or mycelial cells.
The study of C. albicans walls is of interest for several reasons: (i) gem-tube formation is essentially a process of wall morphogenesis; (ii) there is evidence of a relationship between the onset of polyene resistance after cessation of growth and changes in wall organization (Cassone et al., 1979) ; and (iii) the components of the wall have immunological significance. The restricted capacity of the yeast form for invasion may be due to its mannan content as mannan is highly immunogenic and the specific antibodies that it elicits inhibit growth of the microorganism. In this situation mycelial growth will result in a higher degree of microbial survival (Elorza e? al., 1983) .
The bonding association between the major components of the wall and their spatial distribution is unknown, although Nickerson & Swaminathan (1977) emphasized the role of non-covalent, weak bonds in the overall wall organization. Recently, we studied the mannoproteins solubilized by SDS and other chemical agents from Saccharomyces cerevisiae walls (Valentin et af., 1984) and in the present work we have extended our observations to C. afbicans walls. We have analysed mannoproteins released by degradation of wall glucan by Zymolyase and autolysis, to investigate the chemical nature of the linkage between mannoproteins and other wall components. In addition, we studied the way that newly synthesized wall mannoproteins are retained by regenerating protoplasts.
METHODS
Strain. The organism used was C. albicans ATCC 26555. It was maintained by subculturing every 2-3 weeks on slopes of Sabouraud dextrose agar and propagated in the medium of Lee et al. (1975) .
CrN n d l prepuratiun. Blastospores and mycelium were obtained as previously described (Elorza et al., 1983) . Cells were collected from the culture medium by centrifugation at 3000 g for 10 min, washed twice with distilled water at 0 "C and resuspended in 0.001 M-phenylmethylsulphonyl fluoride (PMSF) at a concentration of about 1 mg ml-I. Glass beads were added ( 5 mg beads per mg cells) and the suspension was disrupted by shaking for 3 min in a Braun homogenizer at 0 "C. Walls were sedimented (1200g for 10 min) and washed eight times in 0.001 M-PMSF. Cell wall purity was assessed by examination of the preparation under a phase-contrast microscope.
Preparation of' ~~a l l s frurn regenerated prutoplasts. Protoplasts were obtained and regenerated as previously described (Elorza et al., 1983) . Protoplasts were collected from the regeneration medium by centrifugation, resuspended in 0.001 M-PMSF and disrupted for 30 s in a Braun Labsonic 1510 at 50 W. Walls were sedimented (1200 g for 10 min) and washed eight times with 0.001 M-PMSF.
Wall labelling with [ I4Clprutein hydrolysate. Cells or protoplasts were suspended (0.5 mg dry wt ml-I) in 50 ml Lee medium (Lee et al., 1975) containing 10 pCi (370 kBq) ['Tlprotein hydrolysate [sp. act. 56 mCi (2072 MBq) per mg-atom carbon] and incubated at 28 "C or 37 "C for 3 h. Protoplasts adjusted to an OD,,, of 0.30, as measured with a Perkin-Elmer Coleman 250, were suspended in 50 ml Lee medium supplemented with 0.6 M-KCl and 10 pCi [ I4C]protein hydrolysate and incubated at the temperature described in each experiment.
Sulubilizatiun qf wall proteins. The effect of the different agents used was measured by resuspending labelled walls from 20 mg cells (dry weight) in I mlO.001 M-PMSF and the respective chemical [2% (v/v) Triton X-100, 1 % sodium deoxycholate (DOC), 0.005 M-EDTA, 6 M-urea or 2% (v/v) SDS]. The suspensions were maintained for 1 h at room temperature, except in the case of SDS where they were boiled for 5 min. After treatment, the wall residue was sedimented by centrifugation at 12000 g and the radioactivity in samples (100 pl) of the supernatant was measured. Mannoproteins in the supernatant were precipitated in 75% (v/v) ethanol at 4°C for 18 h. The precipitates were collected by centrifugation, resuspended in 100 1-11 double-distilled water and prepared for polyacrylamide gel electrophoresis. Digestion of walls with hydrolytic enzymes. Labelled walls from 30 mg cells were initially treated with 0.05 Mdithiothreitol and incubated at 30 "C for 30 min. Walls were separated by centrifuging at 1200 g for 10 min, washed in 0.001 M-PMSF, resuspended in the same solution containing Zymolyase (6 mg ml-I) and incubated at 30°C for 3 h. The suspension was then centrifuged and the radioactivity in the supernatant measured. Mannoproteins in the supernatant were precipitated with ethanol as described above.
Prurease treatment. Preliminary experiments indicated that a protease activity of the Zymolyase complex was inhibited in 0.001 M-PMSF without any apparent decrease of the P-glucanase activity. Labelled walls from 30 mg cells were treated with Zymolyase (6 mg ml-I) in the presence and absence of 0-001 M-PMSF and incubated at 30 "C for 4 h. Walls were removed by centrifugation and portions (0.5 ml) of the supernatants were incubated with protease (2 mg) at 30 "C for 3 h in the presence and absence of PMSF. After incubation, samples were precipitated with 75% (v/v) ethanol and subjected to SDS-PAGE.
Cell wallautolysates. Labelled walls from 30 mg cells were suspended in 0.05 M-sodium acetate buffer, pH 5.5 (0.5 ml) containing 0.001 M-sodium azide, and incubated on a rotary shaker for 24-30 h a t the temperature described in each experiment.
P-Glucanase assay. The activity was measured by adding laminarin at a final concentration of 0.25% (w/v) either to the cell wall autolysate preparation or to the autolysate supernatant. In the latter case, incubation was at 37 "C for 2 h. The reducing sugars liberated were quantified by the method of Somogyi (1952) . One unit of activity was defined as the amount of enzyme which liberated 1 nmol product min-I. added to the Concanavalin A-Sepharose suspension. This was incubated with shaking at room temperature for 3 h. Concanavalin A-Sepharose was then sedimented and washed three times with the buffer described above. Mannoproteins retained by the lectin were eluted with 0.5 M-methyl a-D-mannoside, precipitated in 75% (v/v) ethanol at 4 "C for 22 h and analysed by fluorography.
SDS-PAGE. Samples of protein (80 pg) were run in acrylamide gels. Details of the procedure for running and staining gels have been described (Herrero er al., 1982) . In experiments with labelled proteins, constant radioactivity was loaded for each sample. In all the electrophoresis experiments, the following molecular mass standards were run in parallel: lysozyme (14300), B-lactoglobulin (18400), trypsinogen (24000), ovalbumin (4S000), bovine serum albumin (66000), phosphorylase B (97000), /?-galactosidase (1 16000) and myosin (205000).
Fluorography qf'gels. Following electrophoresis, gels were prepared for fluorography with Enlightning and dried. Gels were placed in contact with Kodak XS-5-Omat film, put in an intensifier cassette and exposed for an appropriate length of time (ranging from 1 to 3 weeks depending on the c.p.m. loaded onto the gels) at -70 "C before the X-ray film was developed.
Chemicals. Dithiothreitol, methyl a-D-mannoside, Concanavalin A-Sepharose 4B, B-mercaptoethanol and a standard proteins electrophoresis calibration kit were obtained from Sigma. Triton X-100 was from Merck. Bisacrylamide, N,N,N',N'-tetramethylethylenediamine (TEMED), SDS, ammonium persulphate and Coomassie Blue were obtained from Bio-Rad. [ I TIProtein hydrolysate was purchased from Amersham. Enlightning was from New England Nuclear. Zymolyase 5000 was obtained from Kirin Breweries, Gumma, Japan. All other reagents were of analytical grade.
R E S U L T S

Solubilization of' wall mannoproteins
In order to obtain information on possible differences in the mannoprotein composition of walls from the two cellular forms of C. albicans, the effect of different solubilizing agents was studied (Table 1) . Purified walls, obtained from blastospores and mycelial cells that had previously been grown in the presence of ['Tlprotein hydrolysate, were treated with these agents and the radioactivity released was determined. Triton X-1 00 and EDTA only solubilized 6% and 12% of the radioactivity of the walls respectively, whereas urea and DOC released about 20%. SDS proved to be the best solubilizing agent as over 70% of the radioactivity in walls of both cellular forms was extracted (Table 1) . Recovery of the solubilized mannoproteins was done by precipitation in 75 % ethanol at 4 "C. Under these conditions over 70% of the material solubilized by boiling SDS was precipitated whilst smaller amounts were obtained in the other cases.
In order to confirm the mannoprotein nature of the solubilized molecules, Concanavalin ASepharose (which binds polymers with terminal a-mannose residues) was added to the material obtained following extraction of the walls and ethanol precipitation. Over 85% of the radioactive molecules were retained by the immobilized lectin and practically all were released by addition of methyl a-D-mannoside. The electrophoretic band patterns of the mannoproteins Purified walls from C. albicuns grown, in the presence of [I5-C]protein hydrolysate were treated with different solubilizing agents as indicated in Methods. obtained before and after ethanol and Concanavalin A treatments were the same, suggesting that precipitation with ethanol or Concanavalin A absorption did not discriminate between mannoprotein molecules. The mannoproteins solubilized from the walls of blastospore and mycelial cells were analysed by SDS-PAGE and gave similar electrophoretic band patterns although quantitative differences were evident for all samples (Fig. 1) . Over 40 different bands with apparent molecular masses ranging from less than 15 to greater than 80 kDal were observed. The two detergents Triton X-100 and DOC solubilized more of the low molecular mass species (Fig. 1) while EDTA gave high molecular mass glycoproteins. Urea (Fig. 1) and SDS ( Fig. 2) did not show any preference as the released molecules had a very wide range of molecular mass.
Yeast cells Mycelial cells
As the walls of C. albicans contain glucans and chitin as structural polymers (Chattaway et al., 1968; Elorza et al., 1983) , the next step in the analysis of the wall mannoproteins was to determine if Zymolyase (mostly a P-glucanase complex) was able to liberate mannoproteins . The enzyme complex acting on purified walls released 23% of the radioactivity which, when analysed on polyacrylamide gels, was resolved as a band of 30 kDal and as a polydisperse material with an apparent molecular mass greater than 150 kDal. This latter material was easily detected at the top of the gels by fluorography but was not detectable by Coomassie Blue, suggesting that its protein moiety might be small (Fig. 2) . Further information on this material was obtained following digestion with pronase. When the digestion with the enzyme (4 mg ml-I) was done in the presence of a lower concentration of the protease inhibitor PMSF, the high molecular mass material was partially degraded giving a few bands with reduced molecular mass. But, in the absence of PMSF, it was completely degraded and could not be detected in the gel (result not shown).
Release of mannoprotein molecules by endogenous /I-glucanases
As P-glucanases have been found tightly bound to the walls of several fungal species and reported to be responsible for cell autolysis (Notario, 1982) , we also determined whether, during this process, wall mannoproteins were released. Cells were labelled with [ 4C]protein hydrolysate and the purified walls were incubated in 0.05 M-sodium acetate buffer, pH 5.5. As time went on significant amounts of radioactivity entered solution regardless of whether autolysis occurred in the presence or absence of PMSF. No further radioactivity was solubilized after 40 h although the effect of temperature on the kinetics of the process was significant. When the incubation was done at 37 "C the released radioactivity was twice (23%) that obtained at 28 "C (10%). Attempts to stimulate the release of further material by the addition of mercaptoethanol or dithiothreitol to the cell wall suspension (Notario, 1982) were unsuccessful.
To determine the nature of the material liberated from the walls by endogenous enzymes, the solubilized molecules were analysed by PAGE. The mannoprotein band patterns obtained with the ethanol-precipitated material were compared to those released by Zymolyase digestion and found to be similar (Fig. 2) . The high molecular mass material and the 30 kDal component were the major bands detected (Fig. 2) . The former was again detected with difficulty with Coomassie Blue, but could be easily detected by fluorography. When autolysis occurred in the presence of PMSF the mannoprotein pattern was identical to that obtained in its absence. The presence of endogenous P-glucanase activity in the walls could also be determined with laminarin as a substrate. Addition of this polymer to the wall suspension in sodium acetate buffer resulted in a threefold increase in reducing sugar (equivalent to 660 units of laminarase activity in 48 h) in the supernatant, compared with that detected when autolysis occurred in the absence of laminarin. Attempts to detect P-glucanase activity in the molecules solubilized from the walls were unsuccessful, suggesting that the enzyme(s) was still attached to the wall residue.
Further characterization of the material larger than 120 kDal was done with gels containing a lower concentration (8 %, w/v) of acrylamide. The material released from blastospore walls was resolved in four defined bands, two with apparent molecular masses of 160 and 205 kDal respectively and two of higher molecular mass (Fig. 3, lane a) . Mycelial walls gave the two lower molecular mass bands and only traces of the two higher ones (Fig. 3, lane b) . The nature of the bonds connecting this material with other wall components was investigated by boiling walls with SDS before their digestion by Zymolyase. When the walls were extracted with SDS (Fig. 3, lane c) , the remaining pellet was digested with Zymolyase and the mannoproteins were solubilized, ethanol-precipitated and analysed in acrylamide gels, only the high molecular mass bands were present (Fig. 3, lane d) . Practically all of the 30 kDal molecules in the walls were released by SDS, since further Zymolyase digestion did not liberate more of these species. SDS was unable to liberate the high molecular mass material because it was extracted only after Zymolyase digestion. But if the enzyme acted first, both the high molecular mass bands (lane a) and the 30 kDal band were solubilized. Now SDS treatment released mannoproteins that gave a fluorographic pattern that was similar to that obtained when the detergent was used alone (compare lanes c and e) . The radioactivity released by the combined effect of SDS and Zymolyase was almost the total radioactivity present in the walls (Table 1) . Mannoproteins present in the walls of regenerating protoplasts Protoplasts, when incubated in a growth medium supplemented with an osmotic stabilizer, initiate synthesis of protein after a lag period of 30-40 min (Elorza et al., 1983) . Synthesis of the wall polymers also takes place in parallel and an incipient fibrillar network is detected after absut 45-60 min. It has been suggested that mannoproteins do not remain associated with the newly formed wall because they are released into the surrounding medium. This is because the fibrillar components do not, at this early stage, form a thick enough network to retain them physically (NeCas, 1961 ; Farkgs et al., 1970; Gopal et al., 1984) . In order to learn more about the protoplast regeneration process and, more specifically, the point at which mannoproteins begin to be retained by the newly formed walls, protoplasts were incubated in the presence of [14C]protein hydrolysate and samples were analysed periodically. After 2 h the amount of radioactivity in the abnormal walls of the protoplasts was 30% of that found as mannoproteins in the supernatant fluid. The abnormal walls formed were isolated and extracted by boiling with SDS or by Zymolyase. Significant amounts of mannoprotein were solubilized by SDS (> 95 %) from walls of protoplasts incubated for 3 h. Over 40 different bands were detected with apparent molecular masses of 14 kDal to 80 kDal (Fig. 4) . Bands of 24,27,30,40,66 and 72 kDal were the most prominent, independent of the temperature or length of protoplast incubation. No significant differences were found in the electrophoretic patterns obtained with the mannoproteins solubilized after shorter incubation times although the radioactivity recovered was lower. Zymolyase did not release a significant amount of radioactivity (less than 5 %) from the labelled walls, which suggests that these abnormal structures were devoid of the high molecular mass material found in the wall of actively growing cells. This material, together with a 17 kDal band, was recovered from the spent medium following ethanol precipitation. The 17 kDal band was particularly prominent, although some minor bands (14, 15 and 25 kDal) were also detectable in the gel when the protoplasts were regenerated at 28 "C. The high molecular mass material was more abundant when the protoplasts were incubated at 37 "C.
DISCUSSION
One experimental approach to the study of cellular dimorphism is to determine the changes in macromolecular composition that accompany modifications in cellular morphology. In this respect no differences in the major cytoplasmic proteins of any of the yeast or mycelial phase extracts have been identified (Manning & Mitchell, 1980) . In addition, the overall wall composition of the two cellular forms has been shown to be similar (Chattaway et al., 1968) , but the relative amounts of alkali-soluble and alkali-insoluble glucans (Sullivan et al., 1983) as well as the glycopeptides extracted with ethylenediamine (Kolarova et al., 1973) have been reported to change during germ-tube formation. Elorza et al. (1983) showed that walls of yeast cells contain more mannan than those of the mycelial phase, suggesting that the incorporation of specific mannoproteins might be responsible for the different wall architecture. In an attempt to determine whether mannoprotein molecules were, in fact, involved in the control of the structural organization of the walls of C. albicans, we solubilized them initially with the nondegrading agents used in our study of mannoproteins of S . cerevisiae walls . Small amounts of mannoprotein were solubilized following treatment of the walls with EDTA, suggesting that ionic bonds are a minor type of linkage in the walls. Hydrogen bonds (broken by urea) and other non-covalent bonds (broken by SDS) seem to play a dominant role in keeping different mannoproteins in the native wall. Over 40 different mannoprotein species with molecular masses ranging from 15 to over 120 kDal were detected by PAGE. This large number of bands was unforeseen as the wall, being a cellular organelle with an apparently reduced metabolic activity, should not need such a high number of proteins. We know nothing about their function but they may have a role in cell economy (proteases) or cell morphogenesis (p-
Zymolyase, a P-glucanase complex from Arthrobacter spp. that has been reported to solubilize mannoproteins following the degradation of S . cerevisiae wall glucan , also degraded the walls of the two forms of C. albicans. When the walls were digested with the enzyme complex, a 30 kDal band and a high molecular mass (over 150 kDal) polydisperse material were detected by fluorography in 11 % (w/v) acrylamide gels. Material behaving similarly in gels was also released from the walls of both cell types following degradation of glucan by the endogenous wall p-glucanases responsible for cell autolysis (Notario, 1982) . The release of some mannoprotein molecules by both Zymolyase and the endogenous (autolytic) pglucanases points to a close connection between the structural glucan and the 30 kDal species and a high molecular mass mannoprotein complex.
Confirmation of the existence of covalent linkages between glucan and the complex was obtained by analysing the mannoproteins released from boiling the walls with SDS before Zymolyase digestion. The 30 kDal band was solubilized by the detergent but the complex material went into solution only after enzyme treatment, demonstrating that degradation of the wall glucan was a prerequisite to its liberation. The existence of covalent linkages between glucan and the high molecular mass mannoproteins is in agreement with the results of Shibata et al. (1983) and Pastor et al. (1984) who found that the mannan complex released by Zymolyase from S . cerevisiae walls contained, in addition to mannose, some glucose residues.
The large-size material was resolved in gels of lower acrylamide concentration, giving four bands (160 kDal, 205 kDal and higher molecular masses) when obtained from blastospore walls but only the 160 and 205 kDal bands when obtained from mycelial walls. No such resolution has been obtained with the high molecular mass mannoproteins from S. cerevisiae, which may be more heterogeneous .
We know little about the structure and assembly of C. albicans walls, although the results presented here support the hypothesis that they may be constructed upon an initial core of glucan covalently linked to high molecular mass mannoproteins. The type of mannoprotein molecules present in this complex could result in a defined scaffold allowing the specific incorporation of the other wall components, finally giving rise to either cell morphology. The walls of the blastospore would require four different mannoproteins to form the scaffold, while that of the mycelial cells would need only two.
With respect to this, the walls of regenerating protoplasts retained mannoproteins that were non-covalently linked to the walls, However, the large-size mannoproteins, normally found covalently linked to the glucan network, were released into the growth medium. In this situation, formation of the core structure did not occur at all or it occurred very slowly. Consequently, regeneration of a new normal wall takes place only with difficulty, if at all. In this respect, NeCas (1961 NeCas ( , 1962 reported that reversion of protoplasts to normal cells in S . cerevisiae takes place only when protoplasts are incubated in a solid medium with gelatin. Under these conditions, the resulting solid support has a containment role that prevents diffusion of mannan compounds. In addition, the results described here suggest that the incorporation of some mannoproteins into the regenerating wall of C. albicans, as in the case of S . cerevisiae , may not be by physical means (since a loose fibrillar network is found during these initial stages) but by some type of specific affinity between the fibrillar polymers and the amorphous material (mannoproteins).
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